Abstract: GC and GC/MS analyses of the essential oils hydrodistilled separately from fresh leaves and roots of Ramonda serbica and Ramonda nathaliae, together with diethyl ether extracts of their roots, enabled the identification of 82 constituents accounting for between 88.9 and 94.5 % of the oils and extracted compounds. Although phenylacetaldehyde was one of the major contributors (20.5-57.1 %) of all the oils, it was only a minor contributor to the extracts. The latter were characterized by a large amount of squalene (R. serbica --36.0 %; R. nathaliae -59.4%) and steroids (R. serbica -27.4 %; R. nathaliae --14.1 %). Squalene was also the most abundant compound in R. nathaliae root oil (29.0 %), but was not detected in the corresponding R. serbica oil. While the root oils and extracts of both species contained comparable amounts of volatile fatty acids, there were significant differences in their contents in the oils hydrodistilled from the leaves of R. serbica and R. nathaliae (18.7 % and 0.6 %, respectively). The presented results provide the first insight into the unique sets of volatiles produced by these distinctive, closely related, relict taxa, which disclose their specific adaptive advantages.
INTRODUCTION
The genus Ramonda (Gesneriaceae) includes three relict palaeoendemic species of the Tertiary Period, surviving as the rare resurrection angiosperms of the Northern hemisphere in refugia habitats on the Balkan (Ramonda nathaliae Panč.
EXPERIMENTAL

Plant material
Leaves and roots of the two Balkan Ramonda species were collected at the beginning of May, 2007. Sample sites included two distant populations, one located on the slopes of Suva planina (R. nathaliae, voucher No. 16208) and the other in Sićevačka klisura (R. serbica, voucher No. 20639) in SE Serbia. Voucher specimens were deposited in the Herbarium of the Institute of Botany and Botanical Garden (BEOU) "Jevremovac", Department of Plant Ecology and Phytogeography, Faculty of Biology, University of Belgrade. 14 
Isolation of the essential oils and preparation of the extracts
The minimal amount (500 g) of plant material (fresh leaves or roots of R. serbica and R. nathaliae) was subjected to hydrodistillation for 2.5 h using a Clevenger-type apparatus. The oils obtained were separated, dried over anhydrous sodium sulphate and immediately analyzed. The yields (%, w/w) were the following: R. serbica root oil, 0.002; R. serbica leaf oil, 0.002; R. nathaliae root oil, 0.004 and R. nathaliae leaf oil, 0.003.
Roots of R. serbica and R. nathaliae (50 g) were cut into small pieces and extracted in sealed vessels with 250 mL of diethyl ether in an ultrasonic bath (Bandelin electronic, GmbH & Co. KG, Germany) for 5 h at room temperature. The extracts were gravity filtered through small columns packed with 1 g of Celite ® (Merck, Germany), to remove all the insoluble material, and then concentrated to 10 mL at room temperature using a stream of nitrogen be-37 fore GC and GC/MS analyses. The yields of dry extracts (%, w/w), obtained by complete evaporation of the solvents in vacuo, were 0.037 (R. serbica) and 0.052 (R. nathaliae).
Gas chromatography and gas chromatography/mass spectrometry
The GC/MS analyses (three repetitions of each sample) were performed using a Hewlett--Packard 6890N gas chromatograph equipped with a fused silica capillary column HP-5MS (5 % phenylmethylsiloxane, 30 m0.25 mm, film thickness 0.25 m, Agilent Technologies, USA) and coupled with a 5975B mass selective detector from the same company. The injector and interface were operated at 250 and 300 °C, respectively. The oven temperature was raised from 70 to 290 °C at a heating rate of 5 °C/min and then held isothermally for 10 min. Helium at 1.0 mL/min was used as the carrier gas. 1 L of the oil solution in diethyl ether (1:100) or the extract, prepared as earlier mentioned, was injected in a pulsed split mode (the flow was 1.5 mL/min for the first 0.5 min and then set to 1.0 mL/min throughout the remainder of the analysis; split ratio 40:1). The MS conditions were: ionization voltage 70 eV, acquisition mass range 35-500, scan time 0.32 s. The oil and extract constituents were identified by comparing their linear retention indices (relative to C 7 -C 33 alkanes 15 on the HP-5MS column) with literature values 16 and their mass spectra with those of authentic standards, as well as those from Wiley 6, NIST02, MassFinder 2.3, and a homemade MS library with the spectra corresponding to pure substances and components of known oils. Wherever possible, the identity of the constituents was verified by co-injection with an authentic sample. GC (FID) analysis was performed under the same experimental conditions using the same column as described for the GC/MS measurements. The percentage composition of the oil was computed from the GC peak areas without any corrections.
RESULTS AND DISCUSSION
GC and GC/MS analyses of R. serbica and R. nathaliae essential oils and extracts enabled the overall identification of 82 components, listed in Table I . The common feature of the oils was their high content of phenylacetaldehyde (from 20.5 to 57.1 %), a constituent found only as a minor contributor to the root extracts from the two plant species. The diethyl ether extracts, on the other hand, were characterized by large amounts of squalene (36.0 % in R. serbica and 59.4 % in R. nathaliae) and steroids (27.4 % in R. serbica and 14.1 % in R. nathaliae). In addition, constituents belonging to the following classes: terpenoids, alkanes, fatty acids, carotenoid derived compounds and "green leaf" volatiles, were present in almost all the oils and extracts (Table I) . It might be assumed that certain volatiles listed in Table I could be considered as artefacts of the isolation procedure and not as direct products of plant metabolism. For example, 3-(methylthio)propanal and 2-acetylthiazole (identified only in the volatile oils) could be products of Maillard-type reactions including the thermal fragmentation of amino acids and sugars, alone or in conjunction, during hydrodistillation. 17 The "green leaf" volatiles, on the other hand, are most probably produced by enzymatic degradation of unsaturated fatty acids, such as in desiccation, i.e., as a stress-induced response of the plants, produced during collection and preparation of the plant samples. 18 Some scent compounds identified in the analyzed essential oils and extracts of R. serbica and R. nathaliae could be related to their pollination biology, since it has been shown that a blend containing phenylacetaldehyde, 2-phenylethanol, and benzaldehyde (compounds present in the analyzed oils and extracts, Table I ) is attractive to halictid bees. 19 To some extent, the limited production of volatile secondary metabolites by these Ramonda taxa is not surprising, knowing that they are palaeoendemic, evo-lutionarily very old species. Moreover, the similarity in the chemical composition of their analyzed oils and extracts (Table I) was also expected, bearing in mind the close relationship of the species. 7 However, there are certain striking differrences, for example, the fatty acids, one of the dominant compound classes in R. serbica leaf oil, were found only as a negligible percentage in the corresponding R. nathaliae oil. Furthermore, the root oil of R. nathaliae was characterized by a significant amount of terpenoid compounds, primarily squalene, while no terpenoids were identified in the R. serbica root oil. Even though squalene was by far the most dominant constituent of both extracts, the relative percentage of this compound was markedly higher in that obtained from R. nathaliae. A recent study concerning the genome size variation and polyploidy of Ramonda species showed that R. serbica is a hexaploid (2n = 6x = 144) and R. nathaliae a diploid species (2n = 2x = 48). 7 This difference in the ploidy level could be correlated to the more pronounced production and/or accumulation of squalene in R. nathaliae. For instance, the existence of a correlation between the production of proazulene compounds and ploidy level has been confirmed for some Achillea species. 20 In addition, squalene has long been known to exhibit antioxidant properties 21 and, therefore, could enhance the antioxidative system, which was essential for the survival of these poikilohydric or resurrection plants during their repeated dehydration/rehydration cycles. Squalene, which is related to cholesterol biosynthesis may be important in membrane conservation in anabiosis. Sterols are found predominantly in cell membranes and are thought to contribute to the correct functioning of membranes by controlling the fluidity characteristics of the membranes. 22, 23 Squalene synthase represents a putative branch point in the isoprenoid biosynthetic pathway capable of diverting the carbon flow specifically to the biosynthesis of sterols and, hence, is considered a potential regulatory point for sterol metabolism. 24 Squalene epoxidase converts squalene into oxidosqualene, the precursor of all known plant sterols. 25 The results of a recent study on regulation of squalene synthase in tobacco suggests that sterol biosynthesis is localised to the apical meristems and that the apical meristems may be a source of sterols for other plant tissues. 24 Thus, it is important to stress that only the root volatiles (either the essential oils or extracts) consisted of a large quantity of squalene and steroids. It seems that since the apical meristems are mostly related to the root system, the present findings corroborate the correlation between the sterol biosynthesis and the meristem. Still, further research is required in this direction for the complete understanding of this special feature of resurrection plants to survive anabiosis for months with 2-5 % of relative water content in their leaves.
Another interesting feature of all of the oils and of the R. serbica extract was the presence of branched alkanes as minor contributors. Bearing in mind that these are rather rare in the plant kingdom and that related compounds were found in the essential oils obtained from some other evolutionarily primitive and old higher plant taxa, such as Equisetum, 26, 27 it could be assumed that the presence of branched alkanes could be a characteristic of old plant taxa.
Moreover, a comparison of the chemical composition of the oils obtained from the root and leaves of both R. serbica and R. nathaliae shows that there are certain dissimilarities between the production and/or accumulation of plant organ volatiles (Table I) . This suggests that different species-specific biosynthetic pathways leading to the volatile constituents are operational, or at least favoured, in plant organs of each of these species.
As was already mentioned, the volatiles extracted from the taxa belonging to the genus Ramonda were not previously analyzed in general. In addition, there is only one reference concerning the essential oil of a species (Sinningia aggregata) from the same family (Gesneriaceae). 28 However, the volatile profiles of S. aggregata (main contributors of the oil were methyl linoleate (28.4 %), 1-octadecanol (16.9 %), (Z)-nerolidyl acetate (8.8 %), spathulenol (7.8 %) and (E)-nerolidol (6.7 %)) and of the currently analyzed Ramonda species differed significantly. For example, sesquiterpenoids were not among the identified volatiles in either R. serbica or R. nathaliae, while these comprised ca. one third of the S. aggregata oil. This distinction of the Ramonda oils is even more obvious by further comparison of Ramonda volatiles to those of plant taxa belonging to the recognized "aromatic" families (e.g., Asteraceae, Apiaceae, Lamiaceae). While the "aromatic" species, rich in essential oils, with yields ranging from 0.1-10.0 % (cf. to the value ≈ 0.001 % for the presently investigated Ramonda), predominantly produce volatile mono-and sesquiterpenoids and/or phenylpropanoids, these compound classes were represented as only minor contributors, or were not identified at all in the oils and extracts of Ramonda. [29] [30] [31] 
CONCLUSIONS
The identification of 82 compounds as constituents of the essential oils hydrodistilled separately from the fresh leaves and roots of Ramonda serbica and Ramonda nathaliae, together with the diethyl ether extracts of their roots, studied for the first time, revealed phenylacetaldehyde as one of the major contributors (20.5-57.1 %) of all the oils, but only as a minor contributor of the extracts. The latter were characterized by large amounts of squalene (R. serbica, 36.0 %; R. nathaliae, 59.4 %) and steroids (R. serbica, 27.4 %; R. nathaliae, 14.1 %). Squalene was also the most abundant compound in R. nathaliae root oil (29.0 %), but was not detected in the corresponding R. serbica oil. The difference in the ploidy level of the two Ramonda species could be correlated to the more pronounced production and/or accumulation of squalene in R. nathaliae. Resurrection is a rare phenomenon in the plant kingdom and some volatiles, such as squalene, which is related to cholesterol biosynthesis, may be important in membrane con-servation in anabiosis. It can be concluded that these essential oil poor Ramonda species have not developed an elaborate metabolic pathway for the production of specific volatiles but the identified constituents are made up of compounds originating from non-specific omnipresent pathways (triterpenoid steroid biosynthesis branch, oxylipin metabolism, oxidative degradation of carotenoids and fatty acids' pathways).
